CD56 bright lymphocytes become abundant in human uterus during every menstrual cycle, following the surge in pituitary-derived luteinizing hormone (LH) which initiates final oocyte maturation. While the uterus is host to some CD56 bright cells prior to ovulation, the rapid increase is thought due to proliferation of the resident population, accompanied by recruitment of CD56 bright lymphocytes from the circulation. Rapid increase of CD56 bright cells is concurrent with onset of decidualization, the transformation uterine stromal cells into secretory decidual cells. Uterine CD56 bright cells proliferate and differentiate to become the predominant lymphocytes of the post-ovulatory uterus. These distinct, tissue-specific Natural Killer (NK) cells either die prior to menses or expand in number during early pregnancy then decline towards the end of the first trimester. Since lymphocytes home to tissues from the circulation, we investigated mechanisms of NK cell traffic over the course of natural menstrual cycles by measuring functional interactions between CD56+ cells from blood and endothelial cells using the Stamper-Woodruff assay of lymphocyte adhesion to frozen tissue sections. While a baseline level of adhesion was maintained throughout the cycle, elevated L-selectin dependent adhesion of peripheral blood CD56 bright cells occurred during a peri-ovulatory window. However, there were no significant menstrual cycle induced changes in transcription of L-selectin, alpha 4 integrin or LFA-1 or in expression of these proteins by NK cells, suggesting the enhanced adhesion was due to post-translational modifications of these molecules. Quantitative RT-PCR failed to amplify message for LH receptor or the alpha or beta forms of progesterone or estrogen receptors from blood NK cell subsets. Thus, we conclude that the actions of LH, E 2 and P 4 on NK cells that promote interactions with endothelium and potential uterine homing are indirectly mediated through the responsiveness of other cell types.
INTRODUCTION
Human and murine endometria respond to ovarian steroid priming by transforming into mature decidua (Maslar, 1988) , a step essential for successful implantation (Genbacev et al., 2003) . Amongst the many molecules secreted by decidua, specific cytokine and chemotactic signals and protease inhibitors are thought to orchestrate maternal contributions to successful implantation and the uterine modifications required to sustain pregnancy (Hanna et al., 2003; Kitaya et al., 2003b; Kao et al., 2002; Kao et al., 2003) . Due to difficulties associated with study of the peri-implantation uterus, the maternal compartment remains more enigmatic than fetal and placental development but expression profiling studies using specific, menstrual cycle-timed endometrial biopsies from fertile and infertile women, have recently become available and will likely provide new insights into decidualization and implantation (Kao et al., 2002; Kao et al., 2003; Carson et al., 2002; Borthwick et al., 2003) .
Decidualization of human and murine endometria is associated with the appearance and proliferation of two unique maternal cell types; Natural Killer (NK) cells and immature dendritic cells (DC) (King, 2000; Chaouat et al., 2003; Kammerer et al., 2003; Robertson et al., 2003) . These cells emerge in precise microdomains within implantation sites, proliferate and many localize to the spiral arteries. Studies of mice genetically-deficient in lymphocytes identified three uterine (u)NK cell functions; 1) support of terminal decidual cell differentiation, 2) sensitization of spiral arteries that allows their pregnancy-associated dilation and elongation, 3) formation of a transient lymphoid aggregate at the portal for vessels and nerves servicing implant sites (Guimond et al., 1997; Croy et al., 2000) . These uNK cell deficient mice retain their fertility, delivering a normal number of pups. UNK cells mediate these functions through secretion of interferon (IFN)-γ (Ashkar and Croy, 1999; Ashkar et al., 2000) which changes expression of target genes such as A2M, a major plasma cytokine binding and protease inhibiting molecule active in spiral artery modification He et al., 2004) .
In humans, decidua-associated (d)NK cells are present in low numbers in the pre-ovulatory uterus, but increase rapidly post-ovulation (King et al., 1996b) . DNK cells are distinguished from peripheral blood NK cells by their expression of CD56 at ten-fold higher levels, lack of expression of CD16 and limited lytic ability (Moffett- King, 2002) . Despite the fact that timing of the increased abundance of dNK cells is tightly regulated by hormones, the hormone effects are thought to be indirect as dNK do not express progesterone receptors (PR) (King et al., 1996a) or the predominant estrogen receptor (ERα). DNK cells are reported to express ERβ (Henderson et al., 2003) , a form of ER which attenuates gene transcription (Kuiper and Gustafsson, 1997) . Indeed, dNK cells do not respond to hormonal stimulation in vitro by proliferation, cytokine secretion or alterations in lytic ability (King et al., 1996b; Kitaya et al., 2003a) . (Kitaya et al., 2004) , ligands of CXCR3, a chemokine receptor expressed by peripheral blood NK cells (Campbell et al., 2001; Inngjerdingen et al., 2001) . Chemokine receptors that are highly up-regulated in decidua during the luteal phase include CXCR1, CCR2b and CCR5 (Dominguez et al., 2003) . Thus, major roles for P 4 include induction of decidualization, induction of chemokines capable of recruiting NK cells and up-regulation of IL-15, the cytokine essential for differentiation and maintenance of dNK cells .
In contrast, the ovarian hormone estradiol (E 2 ) induces vasodilation or relaxation in vessels through interactions with endothelial cells throughout the cardiovascular system (Sullivan et al., 1995; Mendelsohn, 2002) . These effects are particularly profound in the pregnant uterus, where branches from the uterine arteries known as spiral arteries, elongate, dilate and become tortuous. Spiral artery modification yields high flow, low resistance vessels with reduced wall structure and proximal (i.e. towards fetus) replacement of endothelium with intravascular trophoblast. These structural changes, which occur during the 3 rd and 4 th months of human pregnancy, shortly after the onset in decline of dNK cells and between gestation days 9-10 in mice, when uNK cells are at their peak in number and function, are thought to be required in humans for normal rates of conceptus growth and maternal health in later gestation (Sattar et al., 2003) . The cells controlling spiral artery modification in mice and women appear to differ (uNK vs trophoblast cells, respectively). However, this difference may lie in the proportion of the vessel changed by each cell type (i.e. uNK cells functioning more distally to fetal trophoblasts and the spiral arterial segment being relatively longer in mice) or trophoblast invasion in humans may be facilitated by prior dNK cell sensitization of these vessels (as occurs in mice) during the implantation period (Adamson et al., 2003) . Human decidual (d)NK cells, like their murine counterparts, express major angiogenic molecules such as vascular endothelial and placental growth factors (Smith, 2001) . Thus, if the roles of uNK cells in mice and dNK cells in humans are analogous, dNK support of decidualization can be linked to fertility/implantation, while dNK contributions to spiral artery modification can be associated with the development of pre-eclampsia and some small for gestational age (SGA) pregnancies (Khong et al., 1986) .
Trafficking of Pre-dNK cells to the uterus
Self-renewing murine uNK cell progenitors do not reside within the uterus (Chantakru et al., 2002) . Transplantable progenitors of murine uNK cells were found in all lymphoid tissues, but particularly in the spleen during pregnancy, suggesting a hormonal induction of NK cell mobility or maturation (Chantakru et al., 2002) . Mobilization of blood-borne lymphocytes to tissue depends on their sequential adhesive interactions with endothelial cells under wall shear stress induced by hemodynamic flow (Springer, 1995) .
Homing of naive T and B lymphocytes to secondary lymphoid tissues such as lymph nodes (LN) and Peyer's Patches (PP) is a well described four step cascade of events that occurs in post capillary venules in secondary immune tissues or at sites of inflammation (Springer, 1994; Butcher and Picker, 1996; von Andrian and Mempel, 2003) . First, a sequence of transient adhesive interactions under shear force between adhesion molecules constitutively expressed on circulating lymphocytes (L-selectin and/or α 4 β 7 integrin) and their respective van den Heuvel et al. ligands, peripheral node addressins (PNAd, includes CD34, GlyCAM-1, podocalyxin, Sgp200) (Rosen, 2004) and mucosal addressin cell adhesion molecule (MadCAM), on specialized high endothelial venules (HEV) cause circulating lymphocytes to progressively slow, tether, roll and stop. Subsequent rapid activation by chemokines such as CCL19 (MIP3β), CCL21 (6Ckine) and CXCL12 (SDF1) induces lateral mobility and temporary enhanced affinity of LFA-1 for its ligand, ICAM-1, resulting in firm attachment, then transendothelial migration along a chemokine gradient into tissue. Endothelial expression of ligands and tissue-specific secretion of chemoattractants enables B cell migration at follicular sites and T cell egress at interfollicular areas in LN or PP (Warnock et al., 2000; Constantin et al., 2000; Butcher et al., 1999) .
These steps in homing apply to extravasation of leukocytes to tertiary sites in response to specific inflamation-induced chemokine signals. Migrating cells include memory lymphocytes, dendritic cells and neutrophils (Picker and Butcher, 1992) . Sites of inflammation are also characterized by production of cytokines which up-regulate expression of adhesion molecules such as E-selectin, VCAM-1 and ICAM-1 on vascular endothelium that facilitate egress of immune cells .
Much less is known about NK cell trafficking. Circulating NK cells are subdivided based on expression of CD3, CD16 and CD56. The majority of NK cells express CD16 strongly and CD56 weakly (CD56 dim ), but about 10% of blood NK cells have higher expression of CD56 and lack expression of CD16 (CD56 bright ) (Robertson and Ritz, 1990) . CD3 expressing CD56 + cells are designated NK-T cells because they also express a somatically rearranged αβT cell receptor, thus are considered of the T cell lineage rather than the NK cell lineage.
The CD56 bright subset is further discriminated from the CD56 dim subset by expression of high affinity IL-2R, high expression of L-selectin and α 4 andβ 1 integrins, but low expression of LFA-1 (Frey et al., 1998) . CD56 bright and dim cells also differ in their biologic functions; CD56 dim cells have greater lytic ability, while CD56 bright cells have immunoregulatory roles through secretion of cytokines (Cooper et al., 2001) . CD56 + populations respond uniquely to chemotactic signaling; CD56 dim cells migrate in response to CXCL8 (IL-8) and CX3CL1 (fractalkine) and strongly express their receptors CXCR1 and CX3CR1. CD56 bright cells express the chemokine receptors CCR5 (which binds CCL3 (MIP1α), CCL4 (MIP1β) and CCL5 (RANTES)) and CCR7 (which binds CCL19 (MIP3β) and CCL21 (6Ckine)) (Campbell et al., 2001) . NK-T cells share expression of all chemokine receptors found on the CD56 bright subset and have in addition, CCR1, 2 and 6. While all CD56 + populations express CXCR3 (binds CXCL9 (Mig), CXCL10 (IP-10) and CXCL11(ITAC)) and CXCR4 (binds CXCL12 (SDF1)), NK cells do not readily migrate to secondary lymphoid tissues such as LN or PP, but are found in spleen (Campbell et al., 1998) . Decidual NK cells have a unique expression pattern, strongly expressing, CCR1, 2 and 5, CXCR3 and 4 and CX3CR1 (Red-Horse et al., 2001) . The expression of both phenotypic and chemokine receptors for each CD56 + population is summarized in Table 1 . CD56 bright cells, through their intense expression of L-selectin (Frey et al., 1998; Kruse et al., 1999) and specific chemokine receptor array (Campbell et al., 2001; Inngjerdingen et al., 2001) and their ability to adhere in an L-selectin-dependent manner to frozen sections of LN (Frey et al., 1998) , appear predisposed to tissue-selective homing. We addressed whether L-selectin-mediated interactions could contribute to the trafficking of NK cells or their precursors to the decidualizing uterus.
The Stamper-Woodruff adhesion assay is a model of lymphocyte trafficking potential (Stamper and Woodruff, 1976) which evaluates specific functional adhesive interactions between viable lymphocytes and endothelium presented in frozen tissue sections. The assay is performed on a rotating table to mimic the shear forces of flowing blood necessary to engage adhesion molecules on both lymphocytes and endothelium. Using this assay, we demonstrated that lymphocytes from pregnant or ovarian steroid hormone-treated ovariectomized mice had increased interactions with endothelium over lymphocytes from non-pregnant donors . These interactions were mediated by two well-characterized lymphocyte homing receptors, L-selectin and alpha4 integrin since pretreatment of the lymphocytes with function-blocking antibodies to either molecule, or the substrate tissue with antibodies to their counter-receptors PNAd and MAdCAM, removed the enhancement. Furthermore, independent but coordinated, pregnancy and steroid hormone-induced changes occurred in endothelium of the uterus and LN but not in endothelium of other organs. The changes in endothelia were recognized by murine splenocytes, human blood lymphocytes and indicator cell lines expressing specific receptors. . Importantly, we found the human lymphocytes adhering to microvessels of midgestation decidua were enriched for CD56 bright NK cells. While CD56 bright NK cells were ~3% of the blood lymphocytes applied to the sections, they constituted 75% of the adherent cells.
RECRUITMENT OF DECIDUAL NATURAL KILLER CELLS
Because stromal triggering towards decidualization and uterine recruitment of NK cells coincide in women during each menstrual cycle, we hypothesized that CD56 bright cells in human blood contained precursors of dNK cells and that interactions of these cells with uterine endothelium would vary over the menstrual cycle. We further postulated that endocrine changes in the menstrual cycle induce synchronous changes in uterine endothelium that promote NK cell trafficking into human uterus and that defects in the migration pathway or its regulation could compromise blastocyst implantation and/or limit structural changes to the arteries supporting human placental development. Because the substrate tissue needed for the in vitro cell adhesion assay has a limited useful storage life of 10-15 days, uterine tissue from inbred mice was used as the substrate tissue for evaluating endocrinological modifications of the functions of human blood NK cells.
Serial blood samples from 18 normally cycling women were studied. NK cell subsets, hormone levels and functional adhesion to uterine endothelium from gd7 mice were monitored over a menstrual cycle. Adhesive function of total blood lymphocytes (PBL) as well as the CD56 bright cell subset was studied on alternate days using endothelium in LN (n=14) or decidualized uterus (n=6). Figure 1 depicts the highlights of this study; on LN substrates, adhesion of PBL and CD56 bright cells was highly variable between donors but consistently peaked at the luteinizing hormone (LH) surge. This rise in adhesion however, did not reach statistical significance. With uterine endothelial substrates, dramatic gains in adhesion were observed for both PBL and NK cells (p=0.004) with all adhesion localized to decidua basalis (van den Heuvel et al., 2005) .
The strongest statistical correlation was between estrogen concentration and number of adherent cells. During a typical 28 day menstrual cycle, E 2 levels rise from cycle day 8 to cycle day 13, when a surge of LH down-regulates E 2 . We found that CD56 bright adhesion peaked only during a narrow window from cycle day 10 to 12, just prior to ovulation (cycle day 14). Thus, it appeared that trafficking of peripheral blood NK cells might be directly regulated by rising levels of E 2 and/or LH but not P 4. Function blocking antibodies to Lselectin or alpha 4 integrin significantly reduced adhesion and eliminated the peri-ovulatory enhancement, suggesting that recruitment is dependent upon classic adhesion molecules used in inflammatory processes.
To further investigate the role of hormones on the adhesive interactions of NK cells with endothelium, total lymphocytes collected from male donors that would not be primed by menstrual stage, were cultured in serum-free RPMI with LH, E 2 and P 4 . Hormone effects were titrated in ranges found in plasma during the menstrual cycle. LH ranged from 5 to 250 IU/ml, E 2 from 100 to 800 pg/ml and P 4 from 1 to 8 ng/ml. After 4 hr in culture, significant changes occurred in CD56 cell adhesion to endothelium from gd 7 mouse decidua basalis. These experiments are summarized in Figure 2 . A positive association of adhesion was found with E 2 and with LH, but not with P 4 forboth PBL and CD56 bright cells. The effects of E 2 and LH were not additive when combined treatment was used. These data strongly suggest hormonal complicity in the peri-ovulatory change in functional adhesion of NK cells.
In further studies, quantitative PCR was performed on NK cell subsets derived from magnetically separated PBL of women at day 5 or at day of LH surge. No transcripts for either of the ER or PR isoforms or for the LH receptor were detected in any of the subsets, although GAPDH and genes for L-selectin, alpha 4 integrin and LFA-1 were detected and the hormone receptor transcripts were amplified from control tissues (ovary or uterus) as summarized in Table 2 . Thus, the hormonally effected changes in NK cell function must be mediated through another cell population in the PBL cultures. In-depth studies of direct endocrinological involvement in maternal immune regulation have often given apparently conflicting results. Effects of hormones, especially E 2 , on NK cell numbers, subsets and activity have been extensively reported in relation to the menstrual cycle (Hunt et al., 2000; Flynn et al., 2000; Bouman et al., 2001; Yovel et al., 2001; Sulke et al., 1985; Souza et al., 2001; Jones et al., 1997) , pregnancy (Veenstra et al., 2002; Watanabe et al., 1997) , reproductive pathologies (Provinciali et al., 1995; Somigliana et al., 1999; Searle et al., 1999) , contraceptive use (Auerbach et al., 2002; Scanlan et al., 1995) and metatastic disease (Baral et al., 1995; Roszkowski et al., 1997) but there are no reports of an influence of sex hormones on NK cell trafficking in the human.
Quantitative PCR was also undertaken on the above samples to determine whether changes in transcription of adhesion molecules might account for enhanced lymphocyte interactions with endothelium at the LH surge. There were no differences in the numbers of transcripts for L-selectin, alpha4 integrin or LFA-1 between day 5 and day of LH surge in either NK cell subset. This confirmed our earlier observation by flow cytometry that there was no change in mean fluorescence intensity in expression of L-selectin, alpha4 integrin or LFA-1 over the menstrual cycle. These results suggest that hormone promoted changes in membrane receptor clustering must be investigated.
CONCLUSIONS
The changes in lymphocyte/endothelial interactions that we have described have the potential to underlie cyclic movement of progenitors of dNK cells from peripheral lymphoid tissue to the uterus. Once localized to peri-vascular and decidual sites where they are in contact with fetal trophoblast, dNK cells contribute to modifying the endometrial environment to promote implantation and alter the maternal vasculature. These inaugural studies demonstrate dynamic, coordinated indirect regulation of adhesive molecule function on CD56 bright cells and endothelium by ovarian steroid hormones, as summarized in Figure  3 . The role of hormones on adhesive interactions of NK cells with endothelium. Total lymphocytes collected from 3 male donors were cultured for 4 h in serum-free RPMI alone or with varying concentrations of E 2 (panel A), LH (panel B) or P 4 (panel C) as shown on the lower axis, then applied to frozen sections of gestational mouse decidua. Post-culture adhesion of CD56 bright cells from individual donors to mouse decidua is shown.
Abbreviations

Figure 3.
A model of pre-dNK cell trafficking from lymphoid reservoirs to decidualizing uterus. In the early secretory phase and luteal phase of the menstrual cycle, few NK cells ( )enter and leave the uterus in normal immune surveillance. Increased peri-ovulatory plasma concentrations of E 2 and/or LH induce expression of unknown factors ( ) which mobilize NK cell egress from reservoirs into the circulation, particularly LN. NK cells leave the blood in increased numbers and preferentially enter the uterus in response to a gradient of chemokines (CXCR3 and 4 ligands ) secreted by the E 2 primed stromal cells in the post ovulatory uterus. L-selectin is shed as they traverse the decidua and localize in decidual cells proximal to blood vessels. P 4 acts on E 2 -primed stroma to initiate decidualization as well as on vascular endothelium to promote NK cell secreted IFNγ thinning of the vessel wall and dilation of the major arteries (Kitaya et al., 2004; Red-Horse et al., 2001; Hanna et al., 2003) . Table 2 Summary of realtime RT-PCR analyses for genes transcribed in blood NK cell subsets 
